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It is shown that microelectrodes can be substituted for large area

electrodes in typical corrosion measurements.

Results obtained for copper

and iron in concentrated solutions are consistent with earlier literature

reports.

ohmic drops.

Application of microelectrodes markedly reduces effects of IR-

It allows one to apply electrochemical methods in corrosion

investigations under conditions closer to those of natural corrosion

environments.

mol c!xn.3
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The corrosion rate of circular copper microelectrodes in 0.1

HC1l solution depends on radius and increases with decreasing
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INTRODUCTION

Unique features of very small, micrometer-size voltammetric electrodes
cause the range of their application to be extended continously.
Microelectrodes have been used to solve neurophysiological problems both in

vivo and in vitro [1-6]). Arrays of carbon fibers have been used as a

voltammetric detector in high-performance liquid chromatography [7], whereas
single ultramicroelectrodes have been applied in fast
spectroelectrochemistry [8-10). Microelectrodes have been used in
electrochemical investigations in solvent without background electrolyte in
order to reduce the effects of ohmic potential drops [11-16] or to extend
the accessible potential range [17,18]. Microelectrodes have made it

possible to make electrochemical measurements in such novel media as glass

P

solvent eutectics [19] and the gas phase [20). Micrometer size electrodes

en g0 3

«
LA

have been used in kinetics studies [21~23] and in investigations of

nucleation of mercury at a microelectrode surface [22].

’fu‘.

In this report we show that microelectrodes can be substituted for

1y

)

large area electrodes in typical corrosion measurements, and that the &:&
@

application of such small electrodes can give some novel advantages. The ﬁﬁﬁ

main advantage is that very high current densities can be achieved at low ,h?

38,

et

currents. Thus ohmic polarization can be made negligible even when the ikt
@

specific conductance of the solution is low. A second advantage {s that at Pt

;\”

small electrodes steady state diffusional profiles are achieved at short %;i
L)

g

times. Thus experiments can be carried out qQuickly. Finally, the _f_;
@

dependence of the response on electrode radius, which {s analogous to the oo

Ry

dependence on rotation rate for a rotating Cisk, may prove useful in studies 7::‘

ot

of localized corrosion processes such as pitting. i:f‘
®
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At an embedded circular electrode of radius r the limiting diffusion- W

. .‘.Q

controlled steady-state current for a simple charge transfer process is hﬁ
¥

o

given by 1s = 4nFDCr, where n is the number of electrons transferred, F the Qﬁ
value of the Faraday, and D and C are the diffusion coefficient and bulk ,{
4

concentration, respectively, of reactant. é&
The steady-state current can be described using a diffusion layer model “ﬁ

in which the thickness of the diffusion layer is 6 = wr/4. 1In contrast with 'ﬁﬂ
o

the corresponding rotating disk case, the diffusion layer thickness does not Nﬁ
(

depend on diffusion coefficient. Dr
Here we describe results for two well-studied processes, the !r

W

AN

dissolution of iron and copper in deaerated chloride solutions. ﬁ}
o

"4

W

EXPERIMENTAL SECTION P,
P

%)

k

Preparation of electrodes. To prepare circular copper electrodes, XA
glass-coated 6 ym (M. Fleischmann) and 10 um-diameter (Cu-99.99%, o

Goodfellow) copper wires were used. A piece of glass-coated wire

LN

- e
- x_)

approximately 3 cm long was sealed in vacuum into a 2-yl glass micropipette

M
(Drumond Scientific Co.) to confer mechanical stability and create a larger ?‘i
diameter insulating plane around the active electrode surface. This was E‘i
done by inserting the glass-coated wire through the pipet, sealing one end, é&i
applying a vacuum, and then sealing a portion of the region under vacuum. r ;
The wire was then cut at this inner sealed position. This procedure Btﬂ
prevented the copper from reacting chemically during the sealing process. S;i
In order to prepare the electrical connection, the inner glass coating from g
the copper wire was removed by using hydrofluoric acid. Then electrical EE{
connection was made with a silver thermosetting preparation (P-310 Johnson ﬂ\;
'
R
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Matthey Ltd.) and after that this part was covered with thermally shrinkable
tubing. The cross section of copper sealed in glass was polished carefully

by using a rotating wheel covered with a Carbimet paper disk with decreasing

grit size and subsequently with Microcloth polishing cloth with 1.0, 0.3 and

0.05-um alumina suspensions (Buehler Ltd.). The quality of the surface was g}
checked optically with 500x magnification (Leitz-Dievert microscope). Only >
electrodes without any visible defects on the surface were taken for further a;
experiments. Electrodes were repolished lightly before each experiment. :':::Y
| The preparation of circular iron electrodes (10-um diameter, glass }?
coated, 99.99% Fe, Goodfellow) was carried out in a similar way. The aﬁ
initial seal between the glass-coated wire and the capillary was made with %§
epoxy, because it was not possible to seal glass to glass directly in the ﬁ
presence of the reactive iron wire. In this case the inner glass coating .;
was removed in molten sodium hydroxide. The resistance of electrodes was }ﬁ
about 30, 10 and 70'n for 6-um Cu, 10-um Cu and 10-um Fe, respectively, and $§
less than 1 Q for electrodes with larger radii. B;
Instrumentation and chemicals. All experimental control, data 3;
collection and calculations were carried out on a DEC PDP 8/e laboratory ;:
minicomputer interfaced to an EGAG PARC model 273 potentiostat equipped with 9,
a Keithley model 427 current amplifier. The reference electrode was ?%
saturated calomel and all potentials are quoted with respect to this. A ;t
platinum counter electrode was used. #x
All reagents were of analytical grade, and distilled water passed ‘é
through a Millipore Mil11-Q purification system was used for preparation of ﬁA
the solutions., Solutions were purged with purified argon for at least 20 E_
min. before each experiment. After purging, the argon was directed over the E?‘
solution. E“
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After a step-wise change in potential the steady-state value of current

at an embedded circular electrode is achieved within 5% by time(s) 6x106r2,

where r is in cm (assuming D = 9x10-6cm2/s). In this work electrodes of
r=3, 5, 12.5, and 63.5x10-“ cm were used. The corresponding times are 0.5,
1.4, 8.9, and 242 s, respectively. Experiments described here were carried
out employing a staircase potential-time waveform with 2 mV step height and
2 s period. Thus all the data at the 6 and 10 um-diameter electrodes are
obtained under diffusional steady state conditions, whereas for the 25-um
electrode the first few points should exceed the steady state values. The
very long times required to achieve steady-state diffusion at the 127-um

electrode produce a different situation in which relaxation of concentration

gradients is promoted by natural convection.
RESULTS AND DISCUSSION

Typical anodic and cathodic polarization curves for a 25-um diameter

3 HC1 solution are shown in Fig.

copper electrode in deoxygenated 0.1 mol dm
1. The cathodic Tafel plot has a slope of 120 mV/decade which is close to
the values reported in the literature [24,25]. The anodic polarization
curve consists of two regions and also agrees well with previous reports
[25-30]. The first part is a straight line with slope about 60 mV/decade.
The second part, occuring at potentials more positive than 0.0 V, has a
higher slope. These two regions are separated by a region which displays
some oscillations in the current.

?he first part corresponds to the diffusion-controlled dissolution of

Cu with the formation of CUCI2 as a final product, according to the overall

equation:
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cus2cC” < Cucl, +e (1) 5
A
According to Moreau [29,30] this reaction consists of three successive t‘
. {
. "
steps: e
- Y - A
U
Cu+(Cl - CuClads + e (2) w
cuCl $ cuCl (3) 3
ads oy,
- - - ."I
CuCl + C1 & CuCl, (4) A4,
In this potential region the rate is governed entirely by diffusion on a a,
A
uniform reaction surface. Braun and Nobe [28]) have shown that diffusion of ‘;
Wy
the chloride ions to the electrode surface is the rate-determining step hik
»
under these conditions. For reaction (1) the Nernstian relation is ﬁ&
|‘|
2 . 1
E = 51/2 (1/£)1n{2(1 1/1d) /(1/id)} :::
)
E,, = E° - (1/£)1n{8.D C.,72D..} (5) ey
1/2 Cu‘/Cu , 2 CuCl2 Cl Cl ,
"
- = l‘i
where id NFDCICCIr. f F/RT, and 82 is the overall formation constant for t :
CuClg. For small values of 1/id the quantity (1-1/1d)2 may be approximated "
Hi
by unity. In fact the limiting current is not accessible experimentally, so o

L)

in practice eq. (5) can only be applied when i/id is small. Rearranging we :ﬁ
[}
e
obtain '\.‘
I~
1 = 4FD ) Ccy 2B explf(E-E® . ) (6) 3
2 Cu /Cu hAY,
Expressing this relation in terms of current density and steady-state :;‘
\'.‘
diffusion layer thickness, §,, we obtain :i
Bt
2
i/A = (FD C., 8,/8_ )exp{f(E-E®° )} m [ )
CuClz Cl "2 s cu'/cu ;73
byt
This expression is equivalent to that derived from the kinetic viewpoint by j
3
Smyrl [25). 1In Figure 1, the maximum value of 1/1, is about 0.2, so eqn. j;f
(7) is a reasonable approximation which predicts the observed slope 3logi/dE ?,:
~
= 60 mV. We will return below to the question of dependence on Q;
N
concentration of chloride. -:f
®
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The steady-state voltammogram of Figure 2 shows more clearly the region
{ of current oscillation. The details of the response here vary from

experiment to experiment, but the general features are reproducible.

el K PR 2% 2% B B 4
& H -

Returning to Figure 1, the second part of the anodic copper dissolution )

curve, occuring beyond the region of current oscillations at more positive

XX

potentials, corresponds to transpassive dissolution of copper. Moreau [301,

using X-ray diffraction methods, has identified two solid products at the B¢,

- e

copper surface, CuCl and Cuz(OH)3C1. Also Cooper and Bartlett [31] have

observed formation of Cu(ll) during anodic dissolution in this potential

£ Y 5 8.8

region. Up to 30% of the anodic current was attributed to formation of

Moo g

Cu(II). Overshoots and oscillations at the beginning of this region (cf.

-
-_om_ow v,

{ Figure 2) were attributed to the formation and dissolution of a multilayer

film on the electrode surface [31]. A

From the above it follows that results obtained at the circular copper

[ R

microelectrode are fn good agreement with the earlier data in the ?
N literature. Thus electrodes of small size are certainly appropriate for ET
corrosion measurements. The small size also permits rapid measurements in E;
the steady-state diffusional regime and thus reduces the amount of change in :?
. the surface during the course of the measurement. In the present case Ei
(Figure 1) with an effective potential scan rate of 1 m V/s, the amount of ?
} material lost in scanning from the corrosion potential to the passivation ;:
potential corresponds to about 0.3 um thickness of copper. Halving the scan k
! rate would double that thickness. ;f
The most important feature of the microelectrode is that the same K
valuable data available from large electrodes can be obtained by measuring Ef

2 very small total currents. At microelectrodes small currents give rise to
; relatively high current densities. This is shown in Figure 3, which y
' ;
.
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. presents a Tafel plot for anodic dissolution of a smaller (10-um diameter) Q
circular iron electrode in 1 mol &'.lm-3 potassium chloride solution. Usually, yﬁ
even at such high concentrations of supporting electrolyte, anomalies in ;
current-potential plots are observed very easily when conventional-size %’
electrodes are used. These deviations are caused by ochmic iR-drops in the .'
region of higher current densities, even if a Luggin probe is employed. 1In Gﬁ
order to obtain plots of the proper shape, such techniques as positive z}
feedback, current interruption, or some methods of calculations have to be E‘
used. This is urnecessary when microelectrodes with very small surface area ?j
are used instead of a conventional size electrode. For the microelectrode .t
(Figure 3) a straight ling log plot for anodic iron dissolution without any vi
evidence of iR ohmic drops is observed up to 0.2 A/cmz. i.e. to the region =
where some effects connected to the transpassive dissolution of iron have {
been observed. Moreover a Luggin probe was not used in these experiments. :#

"l
The anodic Tafél slope for electrodissolution of iron is about 70 T{
mV/decade, close to the value of B0 mV/decade obtained by Asakura and Nobe .}
[32] for the steady-state anodic polarization of iron in the same unbuffered ~A
neutral 1 mol dm-3 KCl solution. However, their log plot was obtained by MJ
using the current interruption method. The apparent potential-log current G
relation deviated markedly from linearity for current densities above 10 ?'
mA/cm. i\ “
Obviously, it is almost impossible to obtain a properly shaped
potential-current relation at electrodes of "normal" size in solutions with 2}
markedly lower conductivity, even if sophisticated methods of ohmic i{iR-drop >
correction would be used. For instance, modern instrumentation such as the ?S
PARC 273 potentiostat allows one to compensate ohmic IR drops up to 200 g at b:
the 10 mA range or up to 2 M at the 1 uA range by using positive feedback. :;

. R P TS VR ) - - - - e e PN
ey "”"‘ ‘f.‘ 2 F " L5 .t.l v, ..t '~.~' \'.‘ ~ A " N L) ~ W . '- A.'.'. X g ‘f .}""* " e, .
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Since the currents at microelectrodes reach the microampere level only in
extreme conditions, ohmic iR drops due to high resistance can be corrected
as needed. But this iR compensation is inadequate for even routine
conditions at a large electrode.

Anodic dissolution curves for iron in 10-“ mol dm-3

KCl solution are
shown in Fig. 4. Resistivity of this solution is about 60 kQ cm-1. Curve
A, obtained with a 10 ym-diameter circular electrode, is a straight line up
to 10 mA/cmz. Small deviations from linearity are observed above this
limit., Curve B was obtained with a still small but markedly larger 127-um
diameter iron electrode. No straight line region of the log plot can be
identified in this case although the total currents are markedly lower than
(less than one-thousandth of) those at electrodes used in typical corrosion
measurements. (Note that the maximum current densities are no greater than
about 1% of those expected for an anodic reaction diffusion-controlled in
chloride.)

Since the use of microelectrodes reduces markedly ohmic iR-drops, it
allows one to extend the range of corrosion measurements. As an example of
such possibilities the anodic dissolution of copper over a wide range of
chloride ions concentrations was chosen.

Anodic polarization curves of copper in chloride fon solutions with
various concentration are shown in Fig. 5. A circular electrode with
diameter of 6 um was used. Concentrations of chloride ions are in the range
1-10'u mol dm-3. and no other electrolytes were added to the solutions.
Anodic behavior of copper depends markedly on concentration of chloride jon
and can be divided into two regions. Above a concentration of 0.01 mol dm

log plots of anodic dissolution are straight lines and their slopes are

approximately 60 mV/decade. According to Smyrl [25] for rotating disk

‘. '\' n ."- ”‘," " \'\_',. '\(_'.‘...u"‘v. ,.r\r_‘ '.-q.:\r_--‘\-‘\.-‘ . ‘- -( e -_-"'\lxu\ o
o, E T B T 0¥ B T S, W S0 N S T OB TP R S WO VY.
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?
. steady-state currents the anodic dissolution current density in this region .&
can be described by: S

i/A = (FkaDcUCIZBZCCIZ/kCGL)exp[(ua¢ac)r(E-£°)] (8) '?

where ka and o, are the anodic rate constant and charge transfer :ﬁ
coefficient, respectively, and kc and a, are the corresponding cathodic ‘s

values., The quantity 6L is the Levich diffusion-layer thickness. The “

choice of reference potential makes ka'kc' Other symbols have their usual )5
meanings. Assuming e, =a, = 0.5 eq. (B) is equivalent to eq. (5) and the ;:
slope of a plot of E vs. log { should be 60 mV/decade. From eq. (8) it ‘$
follows that current density depends markedly on the concentration of éﬁ

chloride ions. Moreau [29] has investigated the effect of chloride fon )
concentration on anodic dissolution of copper within the range 0.1 to jO mol :d

dm-3. He found the value of (dE/d 1°8CC1)1.298 - 118 mV. Our results "™

obtained at copper @icroelectrodes are in good agreement with the

theoretical prediction and with earlier reports. The log plot slopes of 60 %:
mV/decade as well as the shift of the anodic curve 120 mV/decade CCl toward ;ﬁ
more positive potentials with decreasing chloride concentration down to 0.01 i

; mol dm-3 are congruent with literature reports about anodic behavior of .“
copper in solutions with higher chlorjide concentrations [28-30]). This means :;
that even at chloride concentrations as low as 0.01 mol dm-3 the final :é

\
product of anodic dissolution of copper is CuClE. and that diffusion is rate T'
determining. Generally, in this region of chloride concentration the anodic :E

| dissolution of copper is governed by diffusion phenomena on a uniformly :

ot

active surface.

At very low chloride ion concentration changes in shape of the current-

> _ P _N_3 2§ > -

potential curve are observed (Fig. 5, curves D,E). The slope of the log

plots {s 30-40 mV/decade at adbout 0.1 nA/cmz. It should be mentioned that

. m a w e wm
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reproducibllity of the results obtained with low chloride concentration is “@
2,
"

markedly poorer than in the higher range. The smaller slope probably Y
A

reflects the same phenomenon as in the oscillation region in the solution )

with higher chloride concentration, i{.e. the formation of multilayer films
on the electrode surface. The second part of these curves indicate that o

transpassive oxidation of copper is involved in the electrodissolution

R
process. It would be extraordinarily difficult to correct for iR drops %%
under these conditions because the specific conductance of the solution fag
changes markedly in the vicinity of the electrode during the course of the :”
experiment [33]. é

Braun and Nobe [28) have estimated that in solution with chloride fon N ;
concentration lower than approximately 0.05 mol dm-3 a considerable amount 3
of copper is dissolved as non-chloride-complexed copper(ll) ifons. The %{#

thermodynamic potential for equal concentrations of Cuz‘ and Cu‘ at the ﬁ@

: L4t

electrode surface is -0.082 V, and CuCl(s) is thermodynamically stable only i

: g
at more positive potentials. Taking into account only the species Cu‘. ’;

CuClZ- and Cu’’, the predominant species is CuClZ- except in 107> and 107" M :&é
Cl-. For these lower chloride concentrations Cu‘ predominates except at %ié
higher current densities (> 0.6 mA/cmz) where Cuz‘ becomes increasingly ‘gﬁ
important. Our results confirm the change of electrodissolution mechanism, :.:'.:';::‘

However, also in the low chloride concentration range (1x10-3'- 1x10-u mol ';

dm-3) a consjderably smaller but still marked effect of chloride ion 'Ei

4

concentration on copper electrodissolution is observed. Tkg

Equation 5 predicts that the current density for copper dissolution o
should be inversely proportional to the diffusion layer thickness. The

influence of diffusion layer thickness on anodic current density of copper

in HC1l solutions has been reported [25,28,29]. The thickness of the ®

:
e

WAL AL SRR
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, diffusion layer has been changed by changing the rotation rate of a rotating :3
disk electrode. Current densities were observed to increase as the rotation %
rate was increased. However, Braun and Nobe [28] have not observed direct 35
proportionality to the square root of the rotation rate. Smyrl [25] has ::
reported a closer fit to the expected dependence. Minor deviations have i%
been observed at very high rotation rates. On the other side, Moreau [29] i
has reported a value of (dE/d logw1/2)1.298 = =59 mV which is in excellent fn
agreement with eq. (5).

Since at microelectrodes the steady-state diffusion layer thickness is e
proportional to the electrode radius, anodic current density should be EE
inversely proportional to the radius of a circular microelectrode. Typical . %E
curves of anodic dissolution of copper microdisk electrodes with different $$
radii in 0.1 mol dm-3 hydrochloric acid are presented in Fig. 6. At the %;
same potential value the anodic current density for smaller electrodes is &g
larger than for laréer ones. Since the cathodic process of hydrogen 4;
evolution does not depend on diffusion phenomena, the corrosion current i?
density and corrosion potential obtained by extrapolation of straight parts '4
of log plots to their intersection depend on the radius of the {&

microelectrode. The corrosion current density is increased and corrosion
potential is shifted toward more negative potentials with decrease in
microelectrode radius.

An expression for the corrosion current can be obtained by equating the !-
anodic current (eq. (8)) with the negative of the cathodic current (cf. Fig.

1). Assuming that all transfer coefficients are 0.5, we obtain

2/3 2,,,1/3 M
icorr - kcH (°c1°2°c1 /8). (9) :s

vwhere kcH is the rate constant for hydrogen reduction at the corrosion

potential. Using the value {°® » 10.6°7 A/cm2 for reduction of H‘ on Cu

N
W,

:"
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[24], kcH - 10.?1'7 cm/s. A plot of experimental corrosion current density

vs r-1/3 for electrodes of radii 3, 5, and 12,5 um yielded a straight line

9 A/cm5/3. The slope
9

A/cm5/3. Considering

with correlation coefficient 0.9998 and slope 9.6x10

5 .2

predicted by eq. (9) with D.. = 10 ° cm“/s is 3.8x10

Cl
uncertainties in the data and in the appropriate value of kcH' this is
excellent agreement.

The same approach yields the prediction avcorr/a logr = 40 mV. A plot
of Ecorr vs log r was linear (correlation coefficient = 0.9996) with slope
26 mV. Thus the shift in corrosion potential is less than predicted.

A final comment on the use of microelectrodes for studying corrosion
processes concerns the role of geometry in the formation of single pits.
Beck and Alkire have discussed the role of spherical diffusion in formation
of pits [34]. The relation confirmed here between size and corrosion rate
for a homogeneous surface demonstrates experimentally the prediction of
higher corrosion rates at small sites on a heterogeneous surface.
Furthermore, it seems feasible to study small electrodes under conditions

where only one pit can form and thus tOo examine more quantitatively models

which describe this process, especially in its early stages.
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FIGURE LEGENDS

Figure 1.

Figure 2.

Figure 3.

Figure 4,

Figure 5.

Figure 6.

Anodic and cathodic polarization of copper in 0.1 mol dm-3 HC1
solutionf Circular copper electrode, diameter 25 um; staircase
voltammetry: t = 2s; AES = 2mV.

Anodic staircase voltammogram of copper in 0.1 mol dm-3HCl.
Circular copper electrode, diameter 10 uym; t = 2s; AEs' 2 mV,
Anodic polarization of iron in 1 mol dm-3 KC1 solution. Iron
microdisk, 10 ym in diameter. Staircase voltammetry: t = 2s;
AES = 2mV.

Anodic polarization of iron in 1x10-u mol dm-3 KCl solution. Iron
disk: A-10 um; B-127 um in diameter. Staircase voltammetry:

t = 2s; AEs = 2mV,

Anodic polarization of copper in chloride solutions: 1x10—u mol
dn"3 HCl +: A- 0.9999 ; B- 0.0999 ; C- 0.0099 ; D- 0.0009 ;

E- 0.0000 mol dm > KCl. Copper microdisk, 6 wm in diameter.

Staircase voltammetry: t = 2s; AE:s - 2mV.

3 HC1 solution.

Anodic polarization of copper in 0.1 mol dm~
Copper microdisk: A- 6 uym ; B~ 25 um in diameter. Staircase

voltammetry: ¢t = 2s; AEs = 2 mV.

R N OO O R O O O T I N W T I W I DT ORI O DTN o l""

[y

':
s

V 1t

SR



. ) . . RO T O UY I
. 2 - . T T T I O OO OO IR AU ¢
» ) 3 R R R U R LR T R AR RS W ¥ tie ¥ Y 3

R ORI LA AT LAY L SRR KA \/

VU s LN3HHND

-100

e Q S

] 1 B |

-100

2- 4

SCE

FIGURE 1

POTENTIAL / VOLTS VS-

i 1
Y \Y WY ®
; [} .

o -
{

—ZOQP
%]

t-HWIO™-HW / ALISN30 LN3YYNI 9017

T e Ko BN A e e R b R R R



FIGURE 2

- y ™ A% Y
RONDOO ondndihldni ! R ONHEOEIN Lt

T X s

[P R RST FUI VUIN VORI PRI 1o PO PLIR PO )

TR TR T TR O YORCTCM TN JO TOM PO MO8 O U

-0-1

POTENTIAL / VOLTS VS-

1
n ® 0 o
(

- 1S}

S3AYHIJWHONGEN / LN3YYNI

-20

0.1

SCE

NI VLIRS A A T R T
N ) LV A0, A ey l‘..". o AN Y

- _ -
L EF

.:{’1 v
-

3

N
2
v




a4 80 8 8.0 8.0 8 &'2.8"
- s b e.a't e nga's @'t a'€ a'E 86 a'h a¥h aVA a¥E 2 al n i att’ st atatatarate? (Hav bad Bat 20t B8 Rt $a0 00
R T AN L L LY U W UN L CRI AN e RO Y AR R ae'd 006 0"

WM
A
F~
0,
vu , INIHHND 3
() )
S e S 8 g
T T T T m s
. )
$ :
!
:
.- i
I“
< o
. (3
= -Q 0
| .
w te
O )
7 ;
5 ;
n 2
L "O; ul—) g}
b
3 6 h‘
o £
i > g
3 N i
ey t",
i o &J )
} = = W)
T N
- AN
z »
= 3
0 4
o |:
~ !
LY °
[~ e
' »
WY
)
¥y
:A
m k
1 . 1 . 1 1 [ \J
® ® ) ® ® o? )
(;) (:l - (W) - N *y,
| | ::»
Ul
-HWIO»gW / ALISN3A LN3YYNI 907 4
e,
',

A 30000 N et
OO OA D N D I NG G GO N O Ry e it e it e



BIA
HO
19
Q)

-
A et 3 S

e

-0-2
SCE
L0 R N ]

L LA N

AR o
-

FIGURE 4

R A

.

POTENTIAL ~/ VOLTS VS.

-0-6

-

(]

CARA DD Rl i T

j I 1

® ® o0

- o —
i

2-0

-WIO»YW /7 ALISN3AO LIN3YWYNI 907 )

(WIS o ’ . Ve , ] . e ' . W Y E - F § - ‘r ; h
L e T R T e A T e R e RV R R e S U A U TN o W N i M



FIGURE 5

3.0 a8 TP Tal At e A2 L0 BYE YD VA B R Fat Bt UaY 02t H20 tat et ata 2 R 0 et a0 2% 250 .20 2 0.0 0.0 V.0 0. ¥
U \ ¥ O X 1a% & - ! L

L3 LB | § | § L N
®
]
o
w
Q
e ®
|
\ .
Y A IR ~
%. ."‘.. o
= m "0 \‘:50.. '. Y -4?
\
L
L
11'
", . .
N
- -‘Q
|
<
‘.. e
oo, . -
- 1o
'
®
Qéo%.w
<
| 1t
(\V)
|
Ty}
1 L L | 1 L
® ® ® ) ) ) @?
N - WY - N m <
| | | |

t-WIOmPgW ~/ ALISN30 LN3YYNI 907

. v » ” »
RN “N".\’\l".i".“’.‘..u’ OO 'l~,,‘!.'.l"‘|. UM TRIUL U A OGO O O UM M O HO K W MM S M M

W', I‘s."o "l ‘l“l.

SCE

POTENTIAL / VOLTS VS.



AR R AR AR AN RPN TN PO N o NN T Y UMY UR W W T UN ML N WNLR oL LS LU LW VWA U LR AT L My SOt tat tul Vel 2SR Sal 0 kARt h iena g by

X

FIGURE 6

AL o e r R
Ko LA L

POTENTIAL / VOLTS VS.SCE

1
) ® )
- ™
1

—loer-
-2.0f

-WIOGW / ALISN3A LIN3IYHYENI 907

-
>,
-

X oy} Y, Y " ?, S O ‘ L1 ] v A ‘
R A i e O N TN ARIC AT o A0 L {00 Tt O DO O AN M o ST 0P G AL RGO T ne T ERICR,



LR U LA LA

- e e Gwia® — . s mman o .-

A LA TS WY N W A L B AT

L% 0% 0 0% 0% AV §°

TECHNICAL REPORT DISTRIBUTION L1ST, GEN

| ./ 0ffice of Naval Research
K Attn: Code 1113
ﬂ 800 N. Quincy Street
Arlington, Virginia 22217-5000

J Dr. Bernard Dauda
Naval Weapons Support Center
Code S0C
Crane, Indiana 47522-5050

~~ Building 5, Cameron Station
Alexandria, Virginia 22314

K DTNSRDC
‘ J Attn: Dr. H. Singerman
A Applied Chemistry Division

- Annapolis, Maryland 21401

3 V/ Dr. Wiliiam Tolles

. Superintendent

. Chemistry Division, Code 6100
’ Naval Research Laboratory

! Washington, D.C, 20375-5000

Naval Civil Engineering Laboratory
. .7 Attn: Dr. R. W. Drisko, Code LR
. Port Hueneme, California 93401

F. Defense Technical Information Center

*s‘.'o'.'v. n'l! ' o Eal ‘.l"‘l !\".c'(.o .‘,A“.lh.l"..t.'_. ln‘!. y

No.
Copies

2

12
high

quality

~~ Dr. David Young
Code 334
NORDA
NSTL, Mississippi

Y00 078 0% 04 60,070 8" 0 0'0 80 80,8 0.9 8.0 0:0

OL/1113/87/2

39529

Naval Weapons Center
Attn: Dr. Ron Atkins

Chemistry Division
China Lake, California 93555

Code RD-1
Washington, D.C.

Attn: CRD-AA-1IP
P.0. Box 12211

Mr. John Boyle
~ Materials Branch

Naval Ship Engineering Center
Philadelphia, Pennsylvania

Naval Ocean Systems Center
7/ Attn: Dr. S. Yamamoto
Marine Sciences Division

jentific Advisor
Commandant of the Marine Corps

20380

.~ U.S. Army Research Office

Research Triangle Park, NC 27709

San Diego, California

LT INE -* .
Aa.lv.l' ‘ & -wn.l.u \ (37 Y s¥. 0 \*\..'-" - »

Vo Wt W, o
AT N

e y-
ANTPN] VMWOWS

19112

WSSO OE N A

=

LA AR

- q
T e -




4

L avaete AT e b et Al ettt A et A taTa e Al 2l a0 R R RN TN I R R R AT R R AR ) L0y8 0e8 a8 a0 0.0 8 R A ."a

-

]

o e s

S
L

N
o

. T AR A A A e YA W AT R r s N T AN " o H NS B XY B "
GG OO OGN SO0 MO, g S AP R MBI M TIAR TR Mo o ST T = PV Wl o SR T ST )



0L/1113/87/2

ABSTRACTS DISTRIBUTION LIST, 359/627

Dr. Stanfslaw Szpak

Naval Ocean Systems Center
Code 633, Bayside

San Dfego, California 95152

Dr. Gregory Farrington
Department of Materials Science
and Engineering

University of Pennsylvania
Philadelphia, Pennsylvania 19104

Dr. John Fontanella

Department of Physics

U.S. Naval Academy

Annapolis, Maryland 21402-5062

Dr. Micha Tomkiewicz
Department of Physics
Brqoklyn College
8rooklyn, New York 11210

Dr. Lesser Blum

Department of Physics
University of Puerto Rico

Rio Piedras, Puerto Rico 00931

Dr. Joseph Gordon, 11

IBM Corporation

5600 Cottle Road

San Jose, California 95193

Dr. Joel Harris

Department of Chemistry
Unfversity of Utah

Salt Lake City, Utah 84112

Dr. J. 0. Thomas

University of Uppsala

Institute of Chemistry

Box 531 Baltimore, Maryland 21218
$-751 21 Uppsala, Sweden

Or. John Owen

Department of Chemistry and
Applied Chemistry

University of Salford

Salford M5 4WT UNITED KINGDOM

Dr. 0. Stafsudd

Department of Electrical Engineering
University of California

Los Angeles, California 90024

Dr. Boone Owens

Department of Chemical Engineering
and Materials Science

University of Minnesota

Minneapolis, Minnesota 55455

Dr. Johann A. Joebst)

USA Mobflity Equipment R&D Conmand
DRDME-EC

Fort Belvoir, Virginfa 22060

Dr. Albert R. Landgrebe

U.S. Department of Erergy
M.S. 6B025 Forrestal Building
Washington, D.C. 20595

Dr. J. J. Brophy

Department of Physics
University of Utah

Salt Lake City, Utah B4112

Dr. Charles Martin

Department of Chemistry
Texas AEM University

College Station, Texas 77843

Dr. Milos Novotny
Department of Chemistry
Indfana University
8loomfngton, Indiana 47405

Dr. Mark A. McHugh

Department of Chemical Engineering
The Johns Hopkins University
Baltimore, Maryland 21218

Dr. D. E. Irish
Department of Chemistry
University of Waterloo
Waterloo, Ontario, Canada
N21 361




- -

B30 ~ -

T a8 0 M g b e e Cagd a0 ¥ ; - -

S e e o R Gt A l'i.l'lf .0. .c v fo't'.o't‘.u Ceu‘i Anhintyy ’.’l. h u‘i. 3 PO T RO e - W 3,00, ‘
- ; N AR T N I S,

MRS ORI ETER N AR KA

R

TR AT LU URT UL Ty L0 LY AT

- e . -

Y UNUN YUY UV

nL/1113/87/2

ABSTRACTS DISTRIBUTION LIST, 0518

Dr. R. A. Osteryoung
Department of Chemistry
State University of New York
Buffalo, New York 14214

Dr. J. Oste ]
Depar of Chemistry
Stat® University of New York
uffalo, New York 14214

Dr. B. R. Kowalski
Department of Chemistry
University of Washington
Seattle, Washington 98105

Dr. A. Zirino
Naval Undersea Center
San Dfego, California 92132

Dr. George H. Morrison
Department of Chemistry
Cornell University
Ithaca, New York 14853

Dr. S. P, Perone

Lawrence Livermore National
Laboratory L-370

P.0. Box 808

Livermore, Californfa 94550

Dr. M. B. Denton
Department of Chemistry
Unfversity of Arizona
Tucson, Arizona 85721

Dr. M. Robertson

Electrochemical Power Sources Division
Code 305

Naval Weapons Support Center

Crane, Indiana 47522

Dr. 6. M, Hieftje
Departmént of Chemistry
Indiana University
Bloomington, Indfana 47401

Dr. Christie 6. Enke
Department of Chemistry
Michigan State University
East Lansing, Michigan 48824

Walter G. Cox, Code 3632

Naval Underwater Systems Center
Buf 1ding 148

Newport, Rhode Isiand 02840

Professor Isiah M. Warner
Department of Chemistry
Emry University

Atlanta, Georgia 30322

Dr. Kent Eisentraut
Air Force Materials Laboratory
Wright-Patterson AFB, Ohio 45433

Dr. John Eyler

Department of Chemistry
University of Florida
gainesville, Florida 32611

Or. B. E. Douda

Chemical Sciences Branch
Code 50 C

Naval Weapons Support Center
Crane, Indiana 47322

Professor J. Janata
Department of Bioengineering
University of Utah
Salt Lake City, Utah 84112

Dr. J. DeCorpo
NAVSEA

Code 05 R32
Washington, D.C. 20362

Dr. Ron Flemming

B 108 Reactor

Nat fonal Bureau of Standards
washington, 0.C. 20234

Dr. Frank Herr

Office of Naval Research
Code 422CB

800 N. Quincy Street
Arlington, Virginia 22217

Dr. Marvin Wilkerson

Naval Weapons Swport Center
Code 30511

Crane, Irdiana 47522

b BVe B, s 9¥a A'a B¥p 05 Ba Be S'g U'n 8 870 8 8¢,

- Gl
- -

A -

o



oL/1113/87/2

ABSTRACTS DISTRIBUTION L1ST,359/627 .

Dr. Manfred Breiter

Institut fur Technische Elektrochemie
Technischen Universitat Wien

9 Getreidemarkt, 1160 Wien

AUSTRIA

Dr. E. Yeager

Department of Chemistry

Case Western Reserve University
Cleveland, Ohio 44106

Dr. R. Sutula

The Electrochemistry Branch
Naval Surface Weapons Center
Silver Spring, Maryland 20910

Dr. R. A, Marcus

Department of Chemistry
California Institute of Technology
Pasadena, California 91125

Dr. J. J. Auborn

ATAT Bell Laboratories

600 Mauntain Avenue

Murray Hi1l, New Jersey 07974

Dr. M. S. Wrighton
Chemistry Department
Massachusetts Institute
of Technology
Cambridge, Massachusetts 02139

Dr. B. Stanley Pons
Department of Chemistry
University of Utah

Salt Lake City, Utah 84112

Dr. Bernard Spielvogel

U.S. Army Research Office

P.0. Box 12211

Research Triangle Park, NC 27709

Dr. Mel Miles

Code 3852 :

Naval Weapons Center

China Lake, California 93555

Dr. P. P. Schmidt
Department of Chemistry
Oakland University
Rochester, Michigan 48063

Dr. Roger Belt

Litton Industries Inc.
Airtron Division

Morris Plains, NJ 07950

Dr. Ulrich Stimming

Department of Chemical Engineering
Columbia University

New York, NY 10027

Dr. Royce W. Murray

Department of Chemistry

University of North Carolina
Chapel Hi11, North Carolina 27514

Dr. Michael J. Weaver
Department of Chemistry
Purdue.University

West Lafayette, Indiana 47907

Dr. R. David Rauh
EIC Laboratories, Inc.
Norwood, Massachusetts 02062

Dr. Edward M. Eyring
Department of Chemistry
University of Utah

Salt Lake City, UT 84112

Dr. M, M. Nicholson
Electronics Research Center
Rockwell International

3370 Miraloma Avenue
Anaheim, California

Dr. Nathan Lewis

Department of Chemistry
Stanford University
Stanford, California 94305

Dr. Hector D. Abruna
Department of Chemistry
Cornell University
Ithaca, New York 14853

m. A. ‘\ P. Lever
Chemistry Department

York University

Downsview, Ontario M3J 1P3




0L./1113/87/2
ABSTRACTS DISTRIBUTION LIST, 051B

Or. Alice Harper

Code 3851

Naval Weapons Center

China Lake, Californfa 93555

Dr. J. Wyatt

Naval Research Laboratory
Code 6110

Washington, D.C. 20375-5000

Dr. J. MacDonald

Code 6110

Naval Research Lahoratory
Washington, D.C. 20375-5000

Dr. Andrew T. Zander P1207
Perkin-Elmer Corporation

901 Ethan Allen Highway/MS905
Ridgefield, Connecticut 06877

Dr. A. B, EYlis

Department of Chemistry

University o Wisconsin P
Madison, Wisconsin 53706

Dr. Robert W. Shaw

U.S. Army Research Office

Box 12211

Research Triangle Park, NC 27709

Dr. John Hoffsommer
Naval Surface Weapons Center
Butlding 30 Room 208
Stlver Spring, Maryland 20910




0L/1113/87/2

ABSTRACTS DISTRIBUTION LIST, 359/627

Dr. Martin Fleischmann

Department of Chemistry
University of Southampton
Southampton S09 5H UNITED KINGDOM

Dr. John Wilkes
Department of the Air Force
United States Air Force Academy

Colorado Springs, Colorado 80840-6528

Dr. R. A. Osteryoung
Department of Chemistry
State University of New York
Buffalo, New York 14214

Dr. Janet Osteryou

Department of stry

State L rsity of New York
falo, New York 14214 .

Dr. A. J. Bard
Department of Chemistry
University of Texas
Austin, Texas 78712

Dr. Steven Greenbaum

Department of Physics and Astronomy
Hunter College

695 Park Avenue

New York, New York 10021

Or. Donald Sandstrom
Boeing Aerospace Co.

P.0. Box 3999

Seattle, Washington 98124

Mr. James R. Moden

Naval Underwater Systems Center
Code 3632

Newport, Rhode Island 02840

Dr. D. Rolison

Naval Research Laboratory
Code 6171

Washington, D.C. 20375-5000

Dr. D. F. Shriver
Department of Chemistry
Northwestern Unfversity
Evanston, Illinots 60201

Dr. Alan Bewick

Department of Chemistry

The Unfversity of Southampton
Southampton, S09 S5NH UNITED KINGDOM

Dr. Edward Fletcher

Department of Mechanical Engineering
University of Minnesota

Minneapolis, Minnesota 55455

Dr. Bruce Dunn

Department of Engineering &
Applied Science

University of California

Los Angeles, California 90024

Dr. Eiton Cairns

Energy & Environment Division
Lawrence Berkeley Laboratory
University of California
Berkeley, Californfa 94720

Dr. Richard Pollard

Department of Chemical Engineering
University of Houston

Houston, Texas 77004

Dr. M, Philpott

IBM Research Division

Mail Stop K 33/801

San Jose, California 95130-6099

Dr. Martha Greenblatt

Department of Chemistry, P.0. Box 939

Rutgers University
Piscataway, New Jersey 08855-0939

Dr. Anthony Sammells

Eltron Research Irc.

4260 Westbrook Drive, Sufte 111
Aurora, Illinois 60505

Or. C. A. Angell

Department of Chemistry

Purdue University

West Lafayette, Indfana 47907

Dr. Thomas Davis

Polymers Division

National Bureau of Standards
Gaithersburg, Maryland 20899



’ W
0L/1113/87/2 e
)
ABSTRACTS DISTRIBUTION LIST, 359/627 \ :.:
. . t
Dr. Henry S. White o
Department of Chemical Engineering f
and Materials Science 0
"151 Amundson Hall o
421 Washington Avenue, S.E. . 8
Minneapolis, Minnesota 55455 2
; Dr. Danfel A. Buttry o
Department of Chemistry o)
University of Wyoming ' o
Laramie, Wyoming 82071 v
)
.- Dr. W. R, Fawcett 3
} Department of Chemistry ]
| University of California "
Davis, California 95616 N
o
Dr. Peter M. Blonsky
Eveready Battery Company, Inc. 0
25225 Detroit Road, P.0. Box 45035 b
Westlake, Ohio 44145 N
'b\
¥ ‘;
v 0
J
X -~
1 A
i !
U
! 3
g
) .
)
L) X
F) N
) -
}
" ]
: 3
; 3
X

s

-
- -
St s

e - mee - - .. .o N
{
+

ESA; NSO AN AOSORO0 1§ M
SOSANAN AU LA AL X O l.._ .'.l"’ ..‘.“ “‘ ” 5060 A . A ‘ ’ :
N RSO AL RSUCLALN aUN j0 ALY * “'_’..‘~ IO O "&.‘ NN ‘t & ‘Q' |.'|‘ A )



